Gauge field is essential for exploring novel phenomena in modern physics. However, it has not been realized in the recent breakthrough experiment about two-leg superconducting circuits with transmon qubits [Phys. Rev. Lett. 123, 050502 (2019)]. Here we present an experimentally-feasible method to achieve the synthetic gauge field by introducing ac microwave driving in each qubit. In particular, the effective magnetic flux per plaquette achieved can be tuned independently by properly choosing the driving phases. Moreover, the ground-state chiral currents for the single-and two-qubit excitations are obtained and the Meissner-vortex phase transition is found. In the Meissner phase, the ground-state chiral current increases as the magnetic flux increases, while it decreases in the vortex phase. In addition, the chiral dynamics that depends crucially on the initial state of the system is also revealed. Finally, the possible experimental observations of the chiral current and dynamics are addressed. Therefore, our results provide a new route to explore novel many-body properties induced by the interplay of gauge field, two-leg hoppings and interaction of photons on superconducting circuits. * Electronic address: zyxue83@163.com
I. INTRODUCTION
Due to their long coherence time, fine tunability and highprecision measurement [1, 2] , superconducting circuits have emerged as a promising platform for processing quantum information [3, 4] and quantum computing [5, 6] , as well as implementing quantum simulation [7, 8] . The recent quantumsimulation experiments have attracted great attention on fundamental many-body physics [9] , such as magnets [10, 11] , localizations [12, 13] , molecular energies [14] , anyonic braiding statistics [15, 16] , topological magnon insulator [17] , strongly-correlated quantum walks [18] , and dissipativelystabilized Mott insulator [19] and quantum phase transition [20] . Notice that the observed many-body physics are mainly based on a chain of superconducting circuits. In a recent breakthrough experiment, a two-leg superconducting circuits with 24 transmon qubits has been reported and the singleand double-excitation dynamics has been observed [21] . This experiment opens a new route to explore exotic many-body physics [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , which can be induced by the competition between interleg and intraleg hoppings and strong interaction of photons on superconducting circuits.
On the other hand, the gauge field is essential for a wide range of research from high energy physics [32] and cosmology [33] to ultracold atoms [34] [35] [36] and condensed-matter physics [37] . Meanwhile, on superconducting circuits, the synthetic gauge field was firstly proposed [38, 39] and realized [40] in one unit cell by modulating the qubit couplings, and moreover, its induced chiral spin clusters have been achieved [41] . It is natural to ask an interesting question about how to achieve synthetic gauge fields in a two-leg superconducting qubit lattice with many unit cells. If realized, what interesting observable physics will occur?
In this paper, we present a feasible scheme to achieve the simulation of synthetic gauge fields on two-leg superconducting circuits. In contrast to the previous schemes [38] [39] [40] , here we introduce an ac driving on each transmon qubit through the flux-bias line. More importantly, the realized synthetic magnetic flux per plaquette can be tuned independently by controlling the driving phases, which is better than the previous realizations in the other quantum simulation systems, such as ultracold atoms [42] [43] [44] [45] [46] [47] , photonic [48] [49] [50] [51] , acoustics [52] , ion trap [53] . Based on the realized synthetic magnetic flux, the ground-state chiral current with single-and two-excitations are obtained and the Meissner-vortex quantum phase transition is also found. In the Meissner phase, the ground-state chiral current increases as the magnetic flux increases, while it decreases in the vortex phase. The chiral dynamics that depends crucially on the initial state of the system is also revealed. Finally, the possible experimental observations of the chiral current and dynamics are also addressed. Therefore, our results provide a new way to explore rich many-body phenomena induced by the interplay of gauge field, two-leg hoppings and interaction of photons on superconducting circuits. This paper is organized as follows. In Sec. II, we realize the synthetic gauge field tuned independently. In Secs. III and IV, we discuss the ground-state chiral current and chiral dynamics with single-and two-excitations, respectively. In Sec. V, we present the possible experimental observations. The conclusions are given in Sec. VI.
II. SYNTHETIC GAUGE FIELD
As shown in Fig. 1(a) , we consider the same experimental setup about two-leg superconducting circuits with the transmon qubits [21] , whose dynamics is governed by a Bose-Hubbard ladder Hamiltonian
where j is the number of the rung, ν ∈ {A, B} labels the leg, the operatorâ † νj (â νj ) creates (annihilates) a photon at the jth site on the νth leg,n νj =â † νjâ νj is the number operator, ω 0 νj is the qubit frequency, V νj is the on-site attractive interaction at the jth site on the νth leg, g νj is the hopping strength between the nearest-neighbor sites along the leg ν,g j is the interleg hopping strength at the rung j, and H.c. is the Hermitian conjugate. In experiment [21] , the transmon qubit has a strong anharmonicity, |V νj | /g νj ≃ 20, which allows that only one photon can be excited at each site. In such case, the nonlinear term of the Hamiltonian (1) can be safely neglected.
To obtain the wanted synthetic gauge field, here we introduce an ac microwave driving in each transmon qubit, which is experimentally feasible through the flux-bias line [54] . In this case, each qubit frequency is modulated independently as
where ε νj , u νj and ϕ νj are the driving amplitude, frequency and phase, respectively. By applying the rotation frame with an unitary operatorÛ =Û 1 ×Û 2 , wherê
with α νj = ε νj /u νj , the transformed Hamiltonian
can be divided into two parts asĤ t =Ĥ E +Ĥ AB , witĥ
with ∆ νj = ω 0 νj − ω 0 νj−1 and ∆ ABj = ω 0 Bj − ω 0 Aj . Using the Jacobi-Anger identity, exp [iα cos (ut
is the Bessel function of the first kind, we havê
When choosing ∆ νj = u νj (−u νj ) for odd (even) j and ∆ ABj = u Bj , and considering the case that u νj ≫ {g νj ,g j }, the oscillating terms in Eqs. (6a) and (6b) are neglected by applying the rotating-wave approximation. Finally, the effective Hamiltonian is given bŷ
where
with J m (α) being the Bessel function of the first kind, and ϕ νj = (−1)
The Hamiltonian in Eq. (7) shows clearly that the driving phaseφ νj leads to complex hopping between any two nearest-neighbor sites, and thus make each plaquette accumulate a gauge-invariant magnetic flux ϕ j =φ Aj −φ B(j−1) , see Fig. 1 (b). This synthetic magnetic flux per plaquette can be tuned independently by choosing the driving phases in the transmon qubits, which is better than the previous realizations in other systems. If choosing ϕ j = ϕ, the uniform flux is formed [45, 55, 56] ; if ϕ j = (−1) j ϕ, the staggered flux is generated [42, [57] [58] [59] [60] ; if ϕ j = jϕ, the site-dependent flux is achieved [43, 44, 46, 48] .
III. GROUND-STATE CHIRAL CURRENTS
The synthetic magnetic flux achieved can generate rich quantum phenomena. As an example, we investigate the experimentally-measurable ground-state chiral currents and chiral dynamics of the ladder system. For simplicity, we set α νj = α and g νj =g j = g, which mean that t νj = t j = t 0 = gJ 0 (α)J 1 (α). The driving phases are taken as ϕ Aj = −φ Bj = ϕ/2, and the synthetic magnetic flux thus becomes ϕ j = ϕ. In this section, we mainly discuss the ground-state chiral currents. The case of single-qubit excitation is firstly considered and the case of two-qubit excitation is then addressed briefly.
By performing the Fourier transformationâ νk = j e ikjâ νj / √ N , where N is the number of the ladder rungs, the Hamiltonian in Eq.
whereÎ is the identity operator,σ x andσ z are the Pauli spin operators in the x and z directions, ε 0 (k) = 2t 0 cos(ϕ/2) cos k, and ε z (k) = 2t 0 sin(ϕ/2) sin (k). Since the A and B legs act respectively as the spin-up and spin-down components, theσ x term governs the tunneling between two legs. While theσ z term, determined by the non-zero magnetic flux ϕ, generates spin-momentum locking that the spinup and spin-down photons minimize their energies by having the positive and negative momenta, respectively. The Hamiltonian in Eq. (8) exhibits the time-reversal invariance [55] , which leads to the Kramers degeneracy of the ground state, as will be shown below.
With the diagonalization of the momentum-space Hamiltonian in Eq. (8), we obtain two energy bands
which are plotted, in Fig. 2 , as functions of the momentum k for (a) ϕ = 0.1π and (b) ϕ = 0.9π. For small ϕ, the lower energy band only has one minimum at k = π or k = −π, as shown in Fig. 2 
as shown in Fig. 2(b) . The critical point that the lower energy band changes from one minimum to two minima is given by With single-qubit excitation, the eigenfunction of the lower energy band is obtained by
where |0 is the vacuum state,
withε z = 2 sin(ϕ/2) sin k. In terms of Eq. (11), we have
Equation (13) shows clearly that when k > 0 (i.e.,ε z > 0), σ z Lk < 0, and vice versa, which indicates the spinmomentum locking effect induced by the non-zero magnetic flux. When ϕ = 0, σ z Lk ≡ 0 for any k.
Due to the spin-momentum locking, the photons in the A leg move towards the left, whereas the photons in the B leg move towards the right. As a result, the ladder system with non-zero magnetic flux exhibits a chiral current defined aŝ
withĴ A = jĴ Aj andĴ B = jĴ Bj , wherê
On the other hand, since theσ x term in the Hamiltonian in Eq. (8) governs the tunneling between two legs, it is necessary to define the current at the rung j aŝ In terms of Eqs. (14)-(16), we can investigate the groundstate currents. For ϕ < ϕ c , i.e., the lower energy band has one minimum, the ground-state wavefunction |ψ G = |ψ Lπ , whose corresponding currents are calculated as
These equations show that the currents along the A and B legs have opposite directions but with the same magnitudes, i.e., a non-zero chiral current is generated, while the current at the rung j vanishes. This phenomenon clearly characterizes the Meissner effect [61] . For ϕ > ϕ c , i.e., the lower energy band has two minima, the ground-state wavefunction becomes |ψ G = ψ L(−q) + |ψ Lq / √ 2. In this case, the ground-state currents are given by 18b) and (18d) show that the currents between any two nearestneighbor sites vary periodically when increasing j, characterizing the vortex current [62] .
In Fig. 3 , we plot the currents between any two nearestneighbor sites for (a) ϕ = 0.1π and (b) ϕ = 0.9π, which support the above analytical results. While in Fig. 4(a) , we plot the ground-state chiral current as a function of ϕ. With increasing ϕ, this chiral current firstly increases to a maximal value at the critical point ϕ c and then decreases, which characterizes a transition from the Meissner phase to the vortex phase [56, 60] . For a finite size, this transition feature still remains but the critical point changes slightly, which means that the Meissner and vortex phases as well as their transition can be observed in current experimental setup. In Fig. 4(b) , we plot the ground-state chiral current for two-qubit excitations, which has similar properties as those with single-qubit excitation.
IV. CHIRAL DYNAMICS
We now investigate the chiral dynamics of the Hamiltonian in Eq. (7) with N = 10 and ϕ = 0.5π. For simplify, we set t 0 = 1 in the following discussion. We first consider the case of single-qubit excitation denoted byâ † νj |0 , which describes that the qubit at the jth site on the νth leg is excited. In Fig. 5 , we plot the density distributions of photons at each site of the ladder for t = 0 and t = 1, when the initial states are prepared respectively as |ψ(0)
. This figure shows that for the initial state |ψ(0) 1S , the most photons move to the left (right) of the central rung on the A (B) leg [see Fig. 5(a 2 ) ], which characterizes chiral dynamics. The converse occurs for the initial state |ψ(0) 1AS [see Fig. 5(b 2 ) ]. While for the initial state |ψ(0) 1E , the photons simultaneously move to the both sides of the central rung [see Fig. 5(c 2 ) ], i.e., the chiral dynamics disappears. In order to see these results clearly, we consider a short-time (δt) dynamics, in which the timedependent wavefunction is obtained, up to second order, as |ψ(δt) ≃ [1 − iĤδt − (Ĥδt) 2 /2] |ψ(0) . As a result, the differences between the photons moving to the right and left of the center rung on the A and B legs under these three initial states are given respectively by
where ∆n A = These results can be understood by considering the properties of both two energy bands shown in Fig. 2 . The fundamental information of the lower band has been given in the previous section. While for the upper energy band, its eigenfunction is given by
where 
In all subfigures, the synthetic magnetic flux ϕ = 0.5π.
From Eqs. (11) and (20), we obtain
where the relations α Uk = β Lk , β Uk = −α Lk and α L(−k) = −β Lk have been used. In terms of Eqs. (22a) and (22b), the three initial states we have chosen are rewritten as
Equations (23a) and (23b) show clearly that for the symmetric (antisymmetric) initial state |ψ(0) 1S (|ψ(0) 1AS ), the photons only populate the upper (lower) band. Due to the spinmomentum locking effect in the two bands, the chiral dynamics occurs. Equation (23c) shows that when the initial state is chosen as |ψ(0) 1E , the photons populate equally the upper and lower bands with opposite k. Since the two energy bands have opposite chirality (see Fig. 2 ), the photons move to the both sides of their initial positions simultaneously and the chiral dynamics thus disappears. In Fig 6, we plot the density distributions of photons at t = 0 and t = 1 for two-qubit excitations ofâ † νjâ † ν ′ j ′ |0 , which describes that the qubits at the jth site on the νth leg and at the j ′ th site on the ν ′ th leg are excited. We emphasize that ν and ν ′ , j and j ′ are not equal simultaneously. The initial states are chosen respectively as |ψ (0) c 2 ). This figure shows the similar conclusions as those with single-qubit excitation, i.e., for the initial states |ψ(0) 2S and |ψ(0) 2AS , the system has opposite chiral dynamics, which disappears for the initial state |ψ(0) 2E .
V. POSSIBLE EXPERIMENTAL OBSERVATION
In this section, we briefly discuss how to detect the groundstate chiral current and the chiral dynamics in experiments. To observe the ground-state chiral current, we firstly turn off the parameters t 0 and ϕ and prepare the corresponding system in its single-qubit (two-qubit) excitation stateâ † νj |0 (â † νjâ † ν ′ j ′ |0 ) by the microwave driving. Then, we adiabatically turn on these parameters to achieve the ground state of the system by the Landau-Zener theorem [63] . Based on the state tomography that has been developed successfully [64] , the density of the states at each site can be measured and the matrix densityρ is thus constructed. This indicates that the ground-state chiral current can be obtained by Ĵ C = tr(ρĴ C ) [40] , where tr is the trace operator. If the ground-state chiral current increases (decreases) as the magnetic flux increases, the Meissner (vortex) phase is found.
To observe the chiral dynamics, preparing the corresponding initial states plays a crucial role. The initial stateâ † B5 |0 (â † A5â † B5 |0 ) can be prepared directly by the microwave driving. For the superposition state
, we firstly turn off all the phases and the hopping strengths between the ν5 site and its nearest neighbor sites, and prepare the system in the stateâ † ν5 |0 . Since the su-
is the ground state of the isolate rung subsystem at j = 5 with the negative (positive) interleg hopping strength, we adiabatically turn on the interleg hopping strength towards the negative (positive) by tuning the parameters α A5 and α B5 (see Fig. 7 ). As a result, the required superposition states are prepared. Similarly, in the case of two-qubit excitations, the initial superposition state
is the ground state of the subsystem with two isolate rungs at j = 5 and j = 6 with the negative (positive) interleg hopping strengths. We firstly turn off all the phases and hopping strengths between the νj (j = 5 and j = 6) site and its nearest neighbor sites, and drive the system in the stateâ † A5â † A6 |0 . The required superposition states can be prepared by adiabatically turning on the interleg hopping strengths both at the 5th and 6th rungs via the parameters α A5 , α B5 , α A6 and α B6 (see Fig. 7 ). Then, the chiral dynamics of the system can be observed by performing quantum state tomography [64] .
VI. CONCLUSIONS
In summary, we have proposed an experimentally-feasible method to prepare the synthetic gauge field in the two-leg superconducting circuits with transmon qubits. In partic-ular, the realized magnetic flux per plaquette is controlled independently by properly choosing the phases of the alternating-current microwave driving in each qubit, which is better than the previous realizations in the other quantum simulation systems. Moreover, we have obtained the ground-state chiral currents for the single-and two-qubit excitations and found the Meissner-vortex phase transition. In the Meissner (vortex) phase, the ground-state chiral current increases (decreases) as the magnetic flux increases. We have also explored the chiral dynamics, which depends crucially on the initial state of the system. Finally, the possible experimental observations of the chiral current and dynamics are addressed. Our results pave a new route to explore novel many-body properties [65] [66] [67] [68] [69] [70] [71] [72] , which can be induced by the interplay of gauge field, two-leg hoppings and interaction of photons in superconducting circuits.
